A very stiff nucleosome was uprooted by the RNA polymerase and the freed histones diffused around the genome. They wandered around some flexible nucleosomes, which they thus addressed: ''I wonder how you, who established on so bendable and weak DNA, are not entirely evicted by the polymerases.'' They replied, ''You fight and contend with your DNA, and consequently you are destroyed; while our sequences on the contrary bend around every contact site, and therefore we remain unbroken.'' -Molecular Aesop In Aesop's famous fable The Oak and the Reeds, a proud and stiff oak is uprooted by strong winds, whereas the humble and flexible reeds bend and survive the storm. Little did Aesop know that his wisdom would hold at the molecular level. In this issue of Cell, Ngo and colleagues (Ngo et al., 2015) demonstrate that differences in DNA flexibility between the two halves of a nucleosome can lead to a strong asymmetric behavior, the more flexible half being more stable (Figure 1 ).
Eukaryotic genomes are organized into chromatin, the smallest repeating unit of which is the nucleosome: a symmetric structure composed of 147 base pairs (bp) of DNA wrapped 1.75 times around an octamer of histone proteins. Nucleosomes cover up to 90% of the genome and inhibit access to the underlying DNA by steric hindrance. How then can processes such as DNA repair, replication, or transcription happen in the context of chromatin?
Proteins can access nucleosomal DNA either passively, via spontaneous site exposure, or actively, via chromatin remodeling. Jonathan Widom's lab pioneered the work on spontaneous site exposure. Each of the 14 contact sites between the histone octamer and DNA can detach transiently, freeing around 10 bp of DNA per site for other proteins to capture. The microscopic dissociation constants at specific locations of the nucleosome were obtained by FRET (fluorescence resonance energy transfer) measurements (Li et al., 2005; Tomschik et al., 2005) , demonstrating the model. This line of work led to the idea that proteins such as transcription factors can first bind to nucleosomal DNA passively to subsequently be used as platforms for the recruitment of chromatin remodelers that enhance access to the obstructed genetic information.
As the study of nucleosome dynamics switched toward single-molecule methods (Killian et al., 2012) , force measurement techniques such as optical tweezers were used to mimic (Hall et al., 2009) or measure (Hodges et al., 2009 ) a polymerase accessing nucleosomal DNA. These studies permitted experimental access to both the nucleosome and the polymerase during an encounter. The former presents two main barriers against force before being evicted, whereas the latter stumbles and backtracks on nucleosomal DNA. However, force measurements usually lack the three-dimensional spatial information that can be provided by FRET: it is difficult to link the observed behavior with a specific structure of the nucleosome. Which specific regions of the nucleosome give rise to these two main barriers? What specifically happens to the sub-structures of the nucleosome? FRET measurements have the potential to provide this information, but a standard FRET experiment does not allow concurrent measures of mechanical stability. To solve this problem, Ngo and colleagues merge the two techniques, single-molecule FRET and optical tweezers, to observe precisely which DNA-histone interactions get disrupted when tension is applied to the nucleosome.
Using this powerful approach, they confirm the long acknowledged link between nucleosome stability and DNA flexibility (Cloutier and Widom, 2005) : the stiffer the DNA sequence, the less stable the nucleosome. They furthered this observation at the sub-nucleosome level. The two symmetric halves of a nucleosome, spanning around the dyad, comprise different DNA sequences, unless the DNA is palindromic. Consequently, one half of the nucleosome can be more flexible and therefore more stable than the other half. This is indeed what they observe, and it explains their key finding: unwrapping of a nucleosome under force can be asymmetric. The stiffer side will unwrap first, and as it happens, the more flexible side will be stabilized. This finding is of particular interest because it implies that a nucleosome can be more easily bypassed from one side than the other. Interestingly, this has been observed in vitro during transcription of nucleosomal DNA (Bondarenko et al., 2006) . This is another piece of molecular wisdom: when facing an obstacle, be sure to approach it from the correct direction! As the authors point out, the asymmetry in the mechanical stability of nucleosomes can bring about an unanticipated level of gene regulation. By being a stronger barrier in one direction compared to the other, a nucleosome can permit transcription to happen only in a given direction. This would be an effective way to prevent antisense transcription, and one could readily envision how the directional stability of an entire array of nucleosomes spanning a gene could amplify this effect. However, the Widom 601 sequence used by Ngo et al. emerges from in vitro selection for strong nucleosome binding sequences (Lowary and Widom, 1998) and does not normally exist in living organisms. Even though the Widom 601 sequence is by far the strongest known nucleosome positioning sequence, it still cannot prevent transcription in either orientation in vivo (Perales et al., 2011) . This indicates that polymerases can, perhaps by recruiting a chromatin remodeler, bypass even the strongest known nucleosome barrier.
In summary, Ngo and colleagues manage to reveal the unexpected asymmetry of nucleosome stability by merging two widely successful techniques in this field: single-molecule FRET and optical tweezers. Their work nicely fits with existing literature and should prompt interest in future studies to help determine whether nature has co-opted this remarkable structural and mechanical asymmetry as a potential means for regulating gene expression.
Figure 1. Asymmetric Response of Nucleosomes under Tension
Under force (here, depicted as wind), nucleosomes display asymmetric dynamics. The stiffer half of the nucleosomal DNA (brown) will be disrupted first, whereas the more flexible one (green) will remain bound. For a DNA sequence of high flexibility, the nucleosome will remain bound at higher forces that would otherwise evict nucleosomes from stiffer DNA sequences.
